Photonic crystals with periodic variations in dielectric constants can theoretically exhibit forbidden gaps as a result of Bragg diffraction, thus prohibiting electromagnetic wave transmissions. The diffraction wavelengths are comparable to the lattice constants. In this study, diamond-type dielectric lattices with isotropic periodicities were identified as the perfect structure to open photonic band gaps for all crystal directions, and were then successfully processed. Stereolithographic additive manufacturing was customized to create photonic crystals with micro-sized diamond-like lattices. Photosensitive acrylic resin containing alumina nanoparticles was spread on a glass substrate with a mechanical knife edge. Cross-sectional layers, photo-polymerized by micropattern exposures, were laminated to create composite precursors. Next, dense components were obtained by dewaxing the precursors and subjecting them to sintering heat treatments. Structural defects consisting of point-and plane-cavities were introduced into the diamond photonic crystals by using computer-aided design, manufacture, and evaluation in order to study the characteristic resonance modes. These lattice misfits localize the electromagnetic waves strongly through multiple reflections, and wave amplifications enable transmission peak formations in the photonic band gaps according to the defect size. These photonic crystal resonators with micro-lattice patterns can be applied as wavelength filters in the terahertz frequency range. Terahertz waves in the far infrared range can be used in various types of novel sensors to detect dust on electric circuits, defects on material surfaces, cancer cells in human skin, and bacteria in vegetables.
Introduction
Photonic crystals with periodic arrangements of dielectric media can reflect electromagnetic waves perfectly and can exhibit forbidden gaps in the transmission spectra because of Bragg diffraction.
1)4) By introducing air cavities into the periodic lattices, electromagnetic waves having specific wavelengths can be made to resonate with these structural defects, and localized modes of transmission peaks can appear in the band gap.
5)9)
Typical photonic crystal structures were schematically illustrated as shown in Fig. 1 . 10) A woodpile structure (a) with simple structure of stacked rods could form the perfect photonic band gap. 11) Photonic crystals composed of GaAs or InP were fabricated by using semiconductor process techniques. A light wave circuit (b) in the periodic structure of arranged AlGaAs pins was processed by using electron beam lithography and etching techniques. 12) A layered structure (c) composed of Si and SiO 2 with the different dielectric constants realized light wave polarization and super prism effects. 13) These layers were stacked by using self-organized growing in alternate spattering and etching. An inverse opal structure (d) was composed of air spheres with face-centered cubic (FCC) structure in TiO 2 , Si, Ge or CdS matrix. 14) At first, polystyrene spheres were arranged by using self-organization in colloidal solutions. Then, the slurry of these dielectric media was infiltrated into the periodic structure and sintered. The optical fiber (e) with photonic crystal structure could guide light efficiently along the central core. 15) Silica fibers and glass capillaries were bundled by wire drawing at high temper- ature. Diamond type photonic crystals (f ) composed of TiO 2 , SiO 2 or Al 2 O 3 could be fabricated by using stereolithograpy and successive sintering process. 16) In our investigation, the wider perfect band gap was obtained in microwave and terahertz wave frequency ranges.
Alumina micro-lattices with diamond-type structures have previously been fabricated to control terahertz waves. 17) Terahertz waves are expected to detect micro-cracks in material surfaces and structural defects in electric circuits by fine wave interference, and to analyze cancer cells in human skin and toxic bacteria in foods through higher frequency excitations.
18)22) A theoretical electromagnetic band diagram of the diamond photonic crystal has been graphed through a plane wave expansion (PWE) application. 23) Intensity profiles of the structural defects in the presence of electric fields were simulated at localized mode frequencies using a transmission line modeling (TLM) simulator. Novel electromagnetic devices based on photonic crystals have been fabricated by stereolithographic additive manufacturing.
Diamond photonic crystal
Three-dimensional diamond-type lattices are regarded as the ideal photonic crystal structures. Figure 2 (a) shows a unit cell of the diamond photonic crystal and Fig. 2(b) shows an electromagnetic band diagram calculated by using a PWE simulator (RSOFT Design Group Co. Ltd., USA, BandSOLVE). 24) Because of Bragg diffraction, the artificial crystal can totally reflect the terahertz wave whose wavelength corresponds to the lattice spacing. The complete photonic band gap prohibits electromagnetic wave expansion for all crystal directions. In recent investigations, diamond structures containing a point or plane defect were formed successfully, and localized modes at several wavelengths were observed in the cavity regions. 25)28) These results indicate that the diamond photonic crystals can be applied to low-loss terahertz wave resonators.
Stereolithographic additive manufacturing
The photonic crystals for the terahertz wave resonators were fabricated by using computer-aided design, manufacturing and evaluation (CAD/CAM/CAE). First, the diamond lattices were designed with computer graphic software (Magics 18; Materialise, Leuven, Belgium). The lattice constant of the diamond structure and the aspect ratio of the dielectric lattice were 500 m and 1.5, respectively, and the overall size of the crystal component was 5 © 5 © 5 mm consisting of 10 © 10 © 10 unit cells. The designed model was converted into stereolithographic files of a rapid prototyping format and sliced into a series of twodimensional cross-sections with 15¯m layer thickness. These data were transferred into micro-stereolithographic equipment (SI-C 1000; D-MEC, Tokyo, Japan,). Figure 3 shows a schematic illustration of the micro-stereolithography system. Photosensitive acrylic resins (JL2019, JSR Corporation, Tokyo, Japan) including 40%v/v alumina particles with an average diameter of 170 nm (TM-DAR; Taimei Chemicals, Nagano, Japan) were applied onto a glass substrate from a dispenser nozzle driven by air pressure. This paste was then spread uniformly with a mechanically controlled knife edge. The thickness of each layer was set at 10¯m. Two-dimensional solid patterns were obtained by light-induced photo-polymerization. High resolution images were achieved by using a digital micro-mirror device. In this optical device, aluminum micro-mirrors of 14¯m in edge length were assembled in a 1024 © 768 array. Each mirror could be tilted independently by piezoelectric actuators. The acrylic resin component with the alumina particle dispersion was deposited through layer-by-layer stacking under computer control. The composite precursor was dewaxed at 600°C for 2 h and sintered at 1500°C for 2 h in air.
Dielectric micro lattice
An alumina-dispersed resin precursor fabricated by the microstereolithography process is shown in Fig. 4(a) . The lattice constant of the formed diamond-type structure was 500¯m. The part tolerances are within «5¯m, as measured by digital optical microscopy (DOM). The homogenized dispersions of the alumina particles in the acrylic resin matrix are observed by scanning electron microscopy (SEM) as shown in Fig. 4(b) . The changes in weight and color as a function of temperature are shown in Fig. 5 . The sample color changed to black at 400°C due to carbonizing of the resin, and became white at 600°C suggesting burning out of the resin. Thus, the dewaxing process is considered to start at 200°C and to be complete at 600°C, and so the dewaxing temperature was set for 600°C. By means of the dewaxing and sintering processes, ceramic diamond structures were successfully obtained. Figure 6(a) shows the sintered diamond structure composed of an alumina lattice with dimensions on the order of hundreds of micrometers. The lattice constant and the linear shrinkage were measured by DOM; the lattice constant 
17)
Journal of the Ceramic Society of Japan 123 [9] 816-822 2015 JCS-Japan was 375¯m, the linear shrinkage on the horizontal axis was 23.8%, and that on the vertical axis was 24.6%. It was possible to obtain uniform shrinkage by designing a structure appropriately elongated in the vertical direction to compensate for the gravity effect. Deformation and cracking were not observed. The alumina microstructure with 99% relative density was observed by SEM as shown in Fig. 6(b) . A dense alumina microstructure was formed, and the average grain size was approximately 2¯m. The measured dielectric constant of the lattice was about 9. The forbidden band exhibited in the transmission spectra for the ©111ª, ©100ª, and ©110ª crystal directions was analyzed, and the dielectric constant of the alumina lattice (9.8) was measured using terahertz time-domain spectroscopy (THz-TDS). The higher and lower edges of the gap regions were plotted in the PWE calculated band diagram. The measured results were in good agreement with the calculated results, and a perfect photonic band gap was opened from 0.4 to 0.47 THz. The isotropic propagation in dense alumina lattices with a coordination number of four was verified. These results prove that the lattice structures had shrunk equally in all crystal directions without any dimensional deviations during the controlled dewaxing and sintering.
Point defect introduction
A diamond structure containing a cubic air defect with the same dimension as the unit cell is shown in Fig. 7 , and the resulting transmission spectrum along the ¥-X ©100ª direction is shown in Fig. 8 ; two peaks were observed in the band gap at 0.42 and 0.46 THz. The measured peak frequencies are compared with the TLM simulation in Fig. 9 , and the agreement is very close. The first peak in Fig. 9 was named mode A, while the second one was mode B. The electric field distributions of these modes were simulated by the TLM method. Figures 10(a) and 10(b) show cross sectional images of the distributions. In the images, the red Fig. 3 . Schematic illustration of the 3D stereolithographic printer using photosensitive resin pastes with ceramic nanoparticle dispersions. Composite precursors were created by laminating 2D cross sections exposed by a digital micro-mirror device (DMD). 25) area indicates that the electric field intensity is high, whereas the blue and green area indicates it is low. Thus, it was concluded that mode A concentrated the oscillation energy of a half wavelength with an antinode in the cube, whereas mode B concentrated the energy of a half wavelength on the sides of the cube with a node in the cube. Therefore, it was confirmed that introducing a defect into the structure localized the terahertz waves.
Twinned lattice arrangement
Alumina photonic crystals with twinned diamond lattices can be formed successfully through micro-stereolithography and powder sintering. As shown in Figs. 11(a) and 11(b) , the defect interfaces of the (100) and (111) planes are sandwiched between the mirror-symmetric domains with four and three periods, respectively. These period numbers can be optimized by TLM to exhibit Fig. 7 . An alumina lattice with the diamond structure, into which a cubic air defect has been introduced. The edge length of the air cavity is the same size as the lattice constant. Fig. 12 . Transmission spectra through the twinned photonic crystals measured by terahertz time-domain spectroscopy (THz-TDS). The localized modes of the transmission peaks, indicated by solid triangles, were formed in the band gaps by the introduction of defect interfaces into the alumina lattices parallel to the (100) and (111) planes, as shown in (a) and (b), respectively.
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Journal of the Ceramic Society of Japan 123 [9] 816-822 2015 JCS-Japan the clear localized modes of sharp transmission peaks in the band gaps. The transmission spectra through the twinned crystals can be analyzed by THz-TDS. As shown in Figs. 12(a) and 12(b) , localized mode peaks with transmission intensities of 22 and 38% are formed at 0.414 and 0.409 THz through the (100) and (111) defect interfaces, respectively. These localized modes are included in the perfect photonic band gap. Figure 13 shows the crosssectional images of the electric field intensity simulated at the localized frequencies by TLM. The incident electromagnetic waves should resonate and be strongly localized because of the multiple reflections in the twinned defect interfaces between the mirror-symmetric diffraction lattices. The amplified electromagnetic waves can propagate to the opposite side, and transmission peaks should be formed in the band gaps. The electromagnetic wave energy can be concentrated strongly into the vicinity of the (111) defect interfaces as compared with the (100) plane. These simulated results conform to the disparity in the measured peak intensities of the localized modes, as shown in Fig. 12. 
Terahertz wave resonator
In order to obtain a plane defect between two diamond structures, a micro-sized glass cell was fabricated by microstereolithography. Figure 14(a) schematically illustrates the components of the resonant cell. The 160¯m thick quartz plates were Fig. 15 . A terahertz wave resonator with a liquid-filled microcell sandwiched between diamond photonic crystals. Distilled water or ethanol, respectively, were injected through the catheters implanted in the top side of the cells. 17) inserted into the photosensitive acrylic resins during the stacking and exposing process. Finally, the resonant micro-cell was put between the diamond-structured photonic crystals, and the terahertz wave resonator was integrated by using acrylic resin frames as shown in Fig. 14(b) . These frames were glued together with photosensitive liquid resin and then solidified by ultraviolet exposure. Water solutions were injected through catheters connected on the top side of the resonance cell. The integrated terahertz wave resonator is shown in Fig. 15 . The two diamond lattice components were attached on the quartz plates, and then the two plates were arranged parallel to each other with 150¯m spacing; the cell capacity was 0.02 mL. The tolerance for the transmission direction of the electromagnetic wave was converged within 5¯m. Figure 16(a) shows the measured transmission spectra for the resonators after distilled water or ethanol had been injected into the micro-cells. In the case of distilled water, two localized modes of transmission peaks were observed at frequencies of 0.410 and 0.491 THz in the photonic band gap. In the case of ethanol, an amplification peak was observed at 0.430 THz. The measured band gap ranges and the experimental localized mode frequencies are in good agreement with the simulated results of the transmission line modeling as shown in Fig. 16(b) . In the transmission spectrum through the water-filled photonic crystal resonator, the localized modes of the higher and lower peak frequencies are defined as mode A and B, respectively; the localized mode peak in the transmission spectrum through the ethanol is defined as mode C.
Conclusion
Three-dimensional photonic crystals with a diamond-type structure on the order of micrometers were constructed of acrylic resin loaded with alumina nanoparticles, by using stereolithographic additive manufacturing. By careful optimization of the process parameters regarding dewaxing and sintering, dense alumina micro-lattice structures were fabricated successfully. The sintered photonic crystal of alumina formed a complete band gap in the terahertz region. Localized modes were obtained by introducing a point defect in the form of a cubic air cavity and a plane defect between twinned diamond structures; these results were in good agreement with the simulation. To create terahertz wave resonators, a micro-sized glass cell was put between two photonic crystals composed of alumina lattices with a diamond structure. Transmission spectra were measured through the photonic crystal resonators filled with pure water or ethanol, and localized modes of sharp transmission peaks were observed in the photonic band gaps. The fabricated photonic crystal resonator is considered to be a promising candidate for novel analytical devices to detect the compositional variations in natural aqueous phase environments.
